Abstract-This paper discusses the application of adaptive feedforward control to generate anti-forces in an active hard mount, thereby improving the vibration isolation performance of the mount. The adaptation algorithm is a preconditioned Filtered Reference Least Mean Squares (FxLMS) algorithm. An integral acceleration feedback controller is used to add artificial damping to the suspension modes and relevant structural modes. Moreover, the feedback control results in a more computationally efficient and faster converging feedforward controller. Simulation and real-time test results on a laboratory setup are presented, which demonstrate the feasibility of the concept.
To obtain sufficiently low transmission at frequencies above the suspension resonance, the isolators must have little passive damping, see e.g. [3] . Skyhook suspension damping can be added using feedback [4] [5] [6] . Moreover, for such soft mounted machines, an additional leveling system is required to actively correct the machine misalignment and the static sag (0.25 m for a 1 Hz supported machine). These leveling systems inherently have a small controller bandwidth (smaller than the suspension resonance frequency). Hence the machine settles slowly after direct disturbances.
An alternative approach is the application of active hard mounts, see e.g. [7] . Such mounts possess a high stiffness, typically 100-200x higher than soft mounts. The higher stiffness reduces the static sag of the machine and allows high-center-of-gravity machines to be supported on smaller footprints. However, in these mounts an active control system must be used to reduce the transmissibility of floor vibrations.
In most publications on active vibration isolation, the supported payload is considered to be a rigid body, see e.g. [3] , [5] [6] [7] [8] . However, structural modes in precision equipment are typically poorly damped. The machine accuracy can be limited due to the persistent vibrations which occur when these modes are excited. Besides floor vibrations, direct disturbances such as e.g. acoustics and internal accelerations can excite these modes. Some recent research on active control of structural modes can be found in [9] , [10] . This paper focuses on the controller design for an active hard mount, in which structural modes are also considered. In the following sections, the adopted control strategy will be discussed at length. Finally, simulation and real-time results obtained on a laboratory setup with a single direction of motion are presented.
II. CONTROL STRATEGY
The overall control strategy is illustrated in Fig. 1 , in which a simplified model of a machine supported by an active mount is shown. The machine model has an internal resonance mode due to the finite structural stiffness k struct . The machine is subjected to a direct disturbance force F d (t) and floor vibrations, denoted by the floor acceleration . The active mount is represented by a suspension stiffness k susp and a force actuator F a . The actuator is controlled by feedback (FB) and feedforward control (FF). The control system of the active hard mount isolation system should meet two objectives. Firstly, artificial damping should be added to the suspension modes and relevant structural modes of the payload. This ensures that the machine settles quickly after any disturbance. Secondly, the transmissibility of floor vibrations must be reduced, without affecting the closed loop stiffness of the mounts.
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Integral feedback of the measured machine acceleration can be used to obtain the required artificial damping in the suspension and structural modes. The latter objective could possibly be reached by adding proportional acceleration feedback. This adds virtual mass to the machine, thus lowering the closed loop suspension frequency and reducing the transmissibility of floor vibrations.
Unfortunately, hard mounts have a typically 100x higher stiffness than soft mounts. Hence, the added virtual mass must be 100x the payload mass to obtain a similar suspension frequency as a soft mounted system. This requires a very large proportional feedback gain, which will be very hard to implement in practice due to low frequency noise and bandwidth limitations. Moreover, such a high proportional feedback gain significantly reduces the amount of artificial damping that can be added to the structural modes.
Instead, we propose to use the feedback controller solely to add artifical damping to the suspension and relevant structural modes. The feedback controller is then combined with a feedforward controller which is used to reduce the transmissibility of floor vibrations. An adaptive feedforward scheme is used for this purpose, which will be presented in the next section.
III. REDUCED TRANSMISSIBILITY BY ADAPTIVE

FEEDFORWARD
In Fig. 2 , a block diagram of an adaptive feedforward vibration isolation system using the Filtered Reference Least Mean Squares (FxLMS) algorithm is shown. This is the most widely used algorithm in active noise and vibration control problems, see e.g [11] , [12] for details.
In Fig. 2 , x is a measured reference signal related to the disturbance source(s), d is the measured disturbance, u is the control signal, y is the measured control contribution and e is the measured error signal. The dynamic system P, called the primary path, relates the disturbance signal d to the reference signal x. The secondary path S describes the dynamics in the actuation path. The parameters of the feed forward controller W are updated each time step using the FxLMS adaptation algorithm. Fig. 2 (bottom) shows the adaptive feedforward system in combination with the feedback controller C. Note that it is implicitly assumed here that all signals and systems are discrete.
Usually the controller has a Finite Impulse Response (FIR) filter structure, which means the control signal u(k) at sample instance k is calculated as a weighed summation of the delayed reference signal x(k). Here, L is the number of weighing parameters or filter coefficients w i .
The impulse response of the FIR filter is given by the filter coefficient vector
T for the initial L sample instances and is zero afterwards. The name Finite Impulse Response filter stems from this property. Another important property is the unconditional stability for any filter coefficient vector w(k).
The FxLMS algorithm is based on the LMS algorithm, which minimises the instantaneous quadratic error e(k)
T e(k) using a stochastic gradient search. The FxLMS algorithm compensates for the secondary path dynamics S(z) by filtering the reference signal x(k) with (an approximation of) S(z). The filter coefficients w(k) are updated at each sample instance by the LMS algorithm, using the filtered reference signal and the instantaneous error:
in which
T is the regression vector, filled with the delayed filtered reference signal x F (k). 
In a real-time application, the FIR controller will have to match its filter coefficients to the impulse response of W m,o (z). This poses a problem for poorly damped systems. For such systems, the number of filter coefficients L required to adequately describe the impulse response of W m,o (z) is very large. This increases the memory and computational requirements for the real-time hardware significantly. In addition, the convergence speed of the algorithm is reduced greatly. Adding damping by means of feedback control does not alleviate this problem. This may seem counterintuitive, but is easily proven from (3), using the closed loop models S cl (z) and P cl (z):
in which I is an identity matrix of suitable size. The preconditioned FxLMS algorithm, which was proposed in [13] , is a modification of the FxLMS algorithm which offers an increased convergence speed. It is shown in Fig. 3 (top) . The feedforward controller is now divided into an adaptive part W a (z) and a fixed controller part W f (z). The fixed controller part W f (z) is formed by the inverse of the outer factor S o (z) of the secondary path S(z). The outer factor follows from an inner-outer factorisation of the secondary path [14] :
such that the inner factor S i (z) is an all-pass system which contains the non-minimum phase zeros of S(z) and the outer factor S o (z) is a square, causal, minimum phase system which contains all the (stable) poles of S(z). Hence, a stable, causal inverse of S o (z) exists. The required filtering for the FxLMS algorithm now reduces to the inner factor S i (z). Because S i (z) is all-pass, the convergence speed of the FxLMS algorithm is improved when preconditioning is applied.
The optimal solution for the overall controller remains the same (3). However, the solution for the adaptive part W a (z) now becomes For poorly damped systems, the impulse response of W a (z) is still long. But adding damping by feedback control is now very effective. Fig 3. (bottom) shows the block diagram of the preconditioned FxLMS algorithm combined with feedback control. Note that the inner-outer factorisation is now based on the closed loop secondary path S cl (z) and the resulting optimal adaptive controller is given by
Assuming that the feedback controller does not introduce any additional non-minimum phase zeros, the inner factors S i (z) and S cl,i (z) are identical. Hence, the length of the impulse response of W a (z) is reduced, due to the increased damping in P cl (z). Consequently, the number of FIR filter coefficients L can be reduced, thus increasing the convergence speed of the preconditioned FxLMS algorithm even more and reducing the hardware requirements.
IV. RESULTS
Simulations were performed for the fourth order system shown in figure 1 . The pole locations are [−0.6283±62.83i; −6.283±628.3i] (10 and 100 Hz, 1% damping) and the zero locations are −1.885±377i (60 Hz, 0.5% damping). A tame integral acceleration feedback controller is used with a single pole at 1 rad/s and the feedback gain set to 50, resulting in closed loop poles at 10 and 101 Hz, with 15 and 3% damping respectively. Fig. 4 shows the ensemble-averaged rms acceleration error (learning curves) over 100 simulation runs each, for the original FxLMS algorithm, FxLMS with feedback (denoted as FxLMS+FB), preconditioned FxLMS (PCFxLMS) and preconditioned FxLMS with feedback (PCFxLMS+FB).
The error is normalised with respect to the uncontrolled error and expressed in decibels. The feedback controller is active from t = 0, and the adaptive feedforward is started at t = 20 s. The number of filter coefficients L was set to 3000 for all the mentioned simulations. In addition, simulations of PCFxLMS+FB were performed using 600 filter coefficients. The adaptation coefficients μ were set to 50% of the values for which each adaptation algorithm became unstable in a simulation. The exact values are listed in table I. From Fig. 4 , it is observed that the convergence speed of the FxLMS algorithm is very slow, as is expected due to the poorly damped resonances in the system. The convergence speed of the preconditioned FxLMS algorithm is much higher for both cases. Moreover, using feedback control in combination with the preconditioned FxLMS leads to a fast convergence and a small residual error. In this case it is even possible to reduce the number of filter coefficients without significant changes in steady-state performance.
The preconditioned FxLMS algorithm was implemented on a single-directional laboratory test setup, which is shown in Fig. 5 . A shaker is used to excite a cylindrical "floor" mass. A "machine" is connected to this floor by means of an active hard mount, which consists of a piezoelectric actuator and a compliant element. The effective mount stiffness and "machine" mass result in a suspension frequency of 35 Hz. The machine model consists of two compliantly connected cylindrical masses, having a structural resonance at 95 Hz. All masses are suspended horizontally in leaf springs, to allow only one direction of motion. Note that the feedback controller has destabilized some spurious modes in the 200-250 Hz range. Note also that the feedforward controller compensates for this by reducing the disturbance input in this frequency region.
The amplification of the resonance peak at 2 Hz is due to modelling errors at these low frequencies. The S/N-ratio at these low frequencies hampers an adequate system identification. It is shown in this paper that the combination of integral acceleration feedback control and the preconditioned FxLMS algorithm provides a fast convergence of the feedforward controller coefficients. When applied to an active hard mount system, a reduction of the floor vibration transmissibility and increased damping of the suspension and structural modes are achieved, while maintaining a relatively stiff connection between the floor and the supported payload.
